Sex Differences in Spatial Memory in Brown-Headed Cowbirds: Males Outperform Females on a Touchscreen Task by Guigueno, Mélanie F et al.
Western University
Scholarship@Western
Biology Publications Biology Department
6-2015
Sex Differences in Spatial Memory in Brown-








Follow this and additional works at: https://ir.lib.uwo.ca/biologypub
Part of the Biology Commons
Citation of this paper:
Guigueno, Mélanie F.; MacDougall-Shackleton, Scott A.; and Sherry, David F., "Sex Differences in Spatial Memory in Brown-Headed
Cowbirds: Males Outperform Females on a Touchscreen Task" (2015). Biology Publications. 30.
https://ir.lib.uwo.ca/biologypub/30
RESEARCH ARTICLE
Sex Differences in Spatial Memory in Brown-
Headed Cowbirds: Males Outperform
Females on a Touchscreen Task
Mélanie F. Guigueno1,3*, Scott A. MacDougall-Shackleton1,2,3, David F. Sherry1,2,3
1 Department of Biology, University of Western Ontario, London, Ontario, Canada, 2 Department of
Psychology, University of Western Ontario, London, Ontario, Canada, 3 Advanced Facility for Avian
Research, University of Western Ontario, London, Ontario, Canada
* mguiguen@uwo.ca
Abstract
Spatial cognition in females and males can differ in species in which there are sex-specific
patterns in the use of space. Brown-headed cowbirds are brood parasites that show a rever-
sal of sex-typical space use often seen in mammals. Female cowbirds, search for, revisit
and parasitize hosts nests, have a larger hippocampus than males and have better memory
than males for a rewarded location in an open spatial environment. In the current study, we
tested female and male cowbirds in breeding and non-breeding conditions on a touchsc-
reen delayed-match-to-sample task using both spatial and colour stimuli. Our goal was to
determine whether sex differences in spatial memory in cowbirds generalizes to all spatial
tasks or is task-dependant. Both sexes performed better on the spatial than on the colour
touchscreen task. On the spatial task, breeding males outperformed breeding females. On
the colour task, females and males did not differ, but females performed better in breeding
condition than in non-breeding condition. Although female cowbirds were observed to out-
perform males on a previous larger-scale spatial task, males performed better than females
on a task testing spatial memory in the cowbirds’ immediate visual field. Spatial abilities in
cowbirds can favour males or females depending on the type of spatial task, as has been
observed in mammals, including humans.
Introduction
Some animals show adaptive specialization of spatial ability [1, 2, 3]. Food-storing birds re-
member the locations of large numbers of scattered food caches. Spatial memory differs be-
tween food-storing and non-storing species [4, 5] and between populations of the same food-
storing species that differ in their reliance on stored food [6]. Adaptive specialization can also
lead to sex differences in spatial ability. Polygynous male meadow voles (Microtus pennsylvani-
cus) have larger home ranges, better spatial memory, and a larger hippocampus than females,
sex differences that are not found in monogamous species ofMicrotus where females and
males have similar home ranges [7, 8, 9, 10, 11]. Similar sex differences in spatial memory
occur in polygynous deer mice (Peromyscus) [12, 13] and laboratory mice [14].
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Sex differences in spatial ability are not, however, simply a matter of better or poorer perfor-
mance by one sex or the other. Female and male laboratory rats and mice use different dissocia-
ble kinds of spatial information for orientation and navigation [14, 15]. Male mice and rats rely
predominantly on geometric information (i.e., distant landmarks), whereas females use pre-
dominantly feature information (i.e., local landmarks) [14, 15, 16]. Consistent with this sex dif-
ference in the use of spatial information, male mice, rats, and humans outperform females on
spatial tasks requiring navigation through space or the visualization of three-dimensional or di-
rectional information, whereas females outperform males on smaller scale spatial tasks relating
to object location [14, 15, 16, 17, 18]. Sex differences in the kind of information used for orien-
tation appear to result from organizational effects of gonadal steroids during development
[19].
Sex differences in spatial ability also occur in birds. Male hummingbirds (Sephanoides
sephanoides) are better than females at remembering the location of high quality nectar sources
[20] and female brood parasitic brown-headed cowbirds (Molothrus ater) are better than males
at remembering the location of a previously baited food source [21]. Astié, Kacelnik, and
Reboreda [22] found, in contrast, that female shiny cowbirds (Molothrus bonariensis) per-
formed better than males when a colour cue indicated the location of food, but not when spatial
location alone was associated with food. Sex differences in the use of spatial information, how-
ever, do not always occur in birds. Females of three species of hummingbirds (Selasphorus
rufus, Hylocharis leucotis, Eugenes fulgens) have the same preference as males for spatial cues
over featural cues [23] and the same is true of great tits (Parus major) [24].
Some birds use spatial information differently depending on context. Noisy miners (Manor-
ina melanocephala) revisit sites where they have not previously found food more often when
searching for invertebrates than when searching for nectar [25]. European greenfinches (Car-
duelis chloris) predominantly use colour cues to relocate a food site they have encountered only
once previously, but switch to spatial cues after repeated encounters with food at the same site
[26].
Brown-headed cowbirds are obligate brood parasites and spatial ability likely plays a major
role in the reproductive success of females. To successfully reproduce, females must find host
nests and then re-visit these nests to assess the stage of completion of the host clutch, to lay
their own eggs, and to remove host eggs [27, 28, 29, 30, 31]. Male brown-headed cowbirds do
not search for or visit host nests. Females might be expected to perform better than males on
spatial memory tasks and indeed, female brown-headed cowbirds outperform males when
searching for food hidden in baited cups within a large room [21]. The hippocampus is larger
in female than in male brown-headed cowbirds [32] and shiny cowbirds, another brood-para-
sitic species in which only females search for host nests [33]. In screaming cowbirds (Molothrus
rufoaxillaris), a related species of cowbird in which both sexes search for nests, females and
males have a similar-sized hippocampus [33]. The sex difference in favour of females in both
navigational spatial ability and relative size of the hippocampus found in brown-headed cow-
birds is thus the reverse of that usually found in mammals.
Female cowbirds only search for host nests during the breeding season. Changes in breeding
condition influence hormone levels in both female and male brown-headed cowbirds [21] and
both testosterone and estradiol can influence acquisition and performance of spatial tasks [34,
35, 36].
In the current study, we used operant conditioning to compare performance of female and
male brown-headed cowbirds on a delayed-matching-to-sample (DMTS) touchscreen task.
This task, unlike the task used by [21], does not involve movement though a spatial environ-
ment but instead memory for a location in the immediate visual field. We investigated whether
female cowbirds perform better than males in general or if superior female performance is
Male Cowbirds Outperform Females on a Spatial Touchscreen Task
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associated only with tasks that resemble females’ search for nests. We also compared perfor-
mance between breeding and non-breeding conditions, inducing breeding condition by manip-
ulation of photoperiod. Finally, we compared memory for both spatial and colour cues on
the touchscreen.
We predicted that if female cowbirds have better spatial ability than males in general, then
females would perform better than males on the spatial but not on the colour DMTS touchsc-
reen task. In contrast, spatial ability may depend on the nature of the task, as in rodents and
humans. Because female cowbirds outperformed males on a previous spatial task that required
movement through space [21], we predicted that if sex differences in cowbirds is task-depen-




All work was carried out in strict accordance with the recommendations for behavioural re-
search of the Canadian Council on Animal Care. The protocol was approved by The Animal
Use Subcommittee of the University Council on Animal Care, Western University, under Ani-
mal Use Protocol 2007–001 to DF Sherry. All birds were housed in individual cages with social
contact with immediate neighbors on the left and right and with other birds in a group colony
room. Birds were provided with enrichment in the form of soft flexible perches as well as solid
perches of varying diameters and ping pong balls as toys. Diet was carefully prepared not only
to be nutritionally complete but also to provide variety in the form of vitamin supplements and
live mealworms. Birds remained in captivity after the study with the same level of care
and enrichment.
Subjects
We captured eight female and eight male cowbirds in April 2011 at the Queen’s University Bio-
logical Station near Elgin, Ontario, Canada using the same traps described in [37]. Birds were
at least a year old at the time of capture. After capture, birds were transported to the University
of Western Ontario where they were housed indoors in individual cages and fed them ad libi-
tum for two months until the beginning of training. During this two-month period, birds
reached their captive free-feeding weight. Food consisted of a mix of seeds (50% Living World
Premium seed mix for budgies: 50% white millet), fruits, vegetables, a modified Bronx Zoo diet
for omnivorous birds (eggs, carrots, molasses, brown rice, wheat germ, dog food, exotic game-
bird starter, and turkey starter) and oyster shells.
Touchscreen apparatus, training and software
During training and testing for the touchscreen tasks, we food-restricted subjects to maintain
them at 85% of their free-feeding weight, which was similar to their weight at capture from the
wild. First, we trained naïve subjects to feed from a food hopper. We then manually shaped
them to peck a shape on the touchscreen to access the food hopper. Finally, we trained subjects
to peck progressively longer sequences of shapes until the full sequence for the task was
reached. See S1 Text for more details.
Touchscreen chambers were 31 cm deep, 36 cm wide, and 34 cm high, and were housed in
sound-attenuating booths (Eckel Noise Control Technologies, Morrisburg ON). Subjects
pecked a computer monitor that made up one side of the chamber, and was surrounded by a
CarrollTouch infrared touchscreen frame (Elo Touch Solutions, Rochester NY). Each monitor
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and touchscreen frame was connected to a computer that presented stimuli and recorded re-
sponses using Experimentor Software, a program developed for this study [38]. See S1 Text for
further details.
Breeding condition manipulations and measurements
Photoperiod manipulation. Subjects were tested in non-breeding and breeding condi-
tions (Table 1). Subjects were exposed to varying photoperiods at different points in the study
to induce photorefractory and photosensitive states and photostimulated to induce breeding
condition [39]. Birds were not tested during the 60 d period when they were held on a short
photophase (8 h L: 16 D) to induce photosensitivity between non-breeding and breeding con-
ditions. To ensure that performance was not affected by the order of testing of non-breeding
and breeding conditions, birds repeated the entire sequence of training to criterion followed by
Progressive Retention Interval (RI) training before Randomized RI testing began for both spa-
tial and colour tasks (Table 1, S1 Text).
In addition to blood sampling (details below), we measured changes in frequency of singing
and gonad size to confirm breeding condition (S1 Text).
Blood sampling. Touchscreen testing did not occur on blood sampling days, and subjects
were not food deprived. For each breeding condition, two blood samples were taken during
spatial testing and two more during colour testing, for a total of four samples from each subject
per condition. Blood samples were collected within 30 min of entering the housing room. We
punctured the brachial vein with a 26-gauge needle and collected approximately 300 μL of
blood into heparinized capillary tubes. Blood was kept cool and then centrifuged at 13 g for 10
min within 5 h of collection. The plasma was frozen in glass vials and stored in a freezer until
hormone assay. For both the breeding condition and non-breeding condition, two samples
taken during spatial testing were pooled, as were the two samples taken during colour testing,
for a total of two large samples per subject per breeding/non-breeding condition.
Androgen assay. Androgen concentration was assayed using a testosterone enzyme im-
munoassay (EIA; Cat. #1–2402, Salimetrics). Because the antibody in this kit cross-reacts with
dihydrotestosterone and other androgens, we refer to measures as androgen levels. This kit has
Table 1. Sequence of testing conditions for all birds.
NON-BREEDING
Spatial DMTS Training to criterion
Progressive retention intervals: 15 sessions
Randomized retention intervals: 11 sessions + 3 testing sessions
Colour DMTS Training to criterion
Progressive retention intervals: 15 sessions
Randomized retention intervals: 11 sessions + 3 testing sessions
BREEDING
Spatial DMTS Training to criterion
Progressive retention intervals: 15 sessions
Randomized retention intervals: 11 sessions + 3 testing sessions
Colour DMTS Training to criterion
Progressive retention intervals: 15 sessions
Randomized retention intervals: 11 sessions + 3 testing sessions
Spatial and colour delayed-matching-to-sample (DMTS) tasks were performed in non-breeding condition
and breeding condition at varying retention intervals.
doi:10.1371/journal.pone.0128302.t001
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been validated in songbirds [40]. We diluted plasma samples five times and followed [41] to
validate the assay for cowbirds. We assayed a serial dilution of cowbird plasma and compared
it to the standard curve using ANCOVA. A non-significant interaction term (F1,9 = 0.42,
p = 0.54) indicated the slopes were similar (R2 = 0.84) and that the assay was suitable for cow-
birds. Inter-plate variation, based on a pooled cowbird plasma sample and low and high con-
trols, was 9.41%. Intra-assay variation, based on variation between duplicates, was 9.43%. The
sensitivity of our assay was 1 pg/mL (two standard deviations from the average value of zero on
our four standard curves). Samples below 1 pg/mL were assigned a value of 0.5 pg/mL for
statistical analyses.
Delayed-matching-to-sample (DMTS) tasks
Once the subjects had learned to use the food hopper and touchscreen, we tested them first
with a spatial DMTS task, then a colour DMTS task in non-breeding and breeding conditions
(Table 1). A trial began by a subject pecking a fixation point located in the middle of the screen
to ensure the subject was attending to the screen when testing began (S1 Fig). The fixation
point disappeared once pecked and a sample square was presented. White squares with black
outlines were presented for the spatial task, and coloured squares for the colour task (S1 Fig, S1
Table). The sample square disappeared when pecked and an RI followed during which a blank
white screen appeared. After the RI had elapsed, a second fixation point (differently coloured
from the first fixation point) was presented to ensure the subjects did not solve the spatial task
by holding their bill over the location of the sample square. The choice phase was presented
after the second fixation point was pecked. There were three choices (two distracters and the
correct sample square) presented for both tasks and so accuracy expected by chance was 0.33.
The subject had to choose the square that was in the same location (spatial task) or the same
colour (colour task) as the sample square (S1 Fig). A correct choice was rewarded with 5 s of
food access and an incorrect choice was followed by a black screen that darkened the chamber
for 5 s. Each subject was tested in 1.5 h daily sessions during which subjects completed as many
trials as possible (from 20 to over 200 trials, depending on RI length). The illumination level of
the white screen on which stimuli were presented was 116.3 lux and the illumination level of
the black screen was 2.2 lux measured at the position of the bird in the chamber.
Subjects were trained on a 0-s RI task and had to complete at least 5 sessions and reach a cri-
terion of two sessions with 10% variation and accuracy of at least 10% above random perfor-
mance (Training to criterion phase in Table 1). Once criterion at a 0 s RI was reached, the RI
was increased progressively every fourth session for 15 sessions (Progressive RI phase in
Table 1) with a sequence of RIs as follows: 5, 15, 30, 45 and 60 s. The Progressive RI phase was
followed by 14 sessions in which the same RI (except 5 s) occurred in a random sequence with-
in each session (Randomized RI phase). The Progressive RI phase and the first 11 sessions in
the Randomized RI phase were considered training sessions prior to the subjects reaching their
peak performance before subsequent testing for each task type (spatial and colour) and for
each breeding condition (non-breeding and breeding) as performance significantly improved
over these sessions (Table 1; S1 Text, S1 Fig, S2 Table, S3 Table). Analyses of the Progressive RI
phase were not the focus of this study, but are included in the supporting information. Only
the last three sessions in the Randomized RI phase were used as testing sessions to assess the
subjects’ peak performance described in the sections “DMTS tasks” and “Comparison between
spatial and colour tasks” below. In the section “Transition between the spatial and colour
tasks”, we used data from the first three sessions on the colour task (Training to criterion phase
in Table 1) and the first three sessions in the Progressive RI phase of the colour task, both in
non-breeding condition (described in more detail below; Table 1). Each subject thus had
Male Cowbirds Outperform Females on a Spatial Touchscreen Task
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extensive training by the onset of the testing sessions, in order to minimize the effects of order
of testing (spatial before colour, and non-breeding before breeding; Table 1). One female sub-
ject did not reach criterion for the colour task in non-breeding and breeding conditions, there-
fore we only include her data for the spatial task in non-breeding and in breeding conditions.
Removing this female from the analyses did not change the conclusions of our study. For spa-
tial testing in breeding condition, data were absent for two out of the 8 males because one male
died and the other fell ill and could not be used for testing during that period. For colour testing
in breeding condition, data was missing from the male that previously died and a female that
died during that period. Final sample sizes were as follows: non-breeding spatial—8 females, 8
males; non-breeding colour—7 females, 8 males; breeding spatial—8 females, 6 males; breeding
colour—6 females, 7 males.
We extensively trained subjects on the colour task before data collection to ensure they were
not using a spatial strategy with the colour task. We determined whether the spatial location of
the rewarded square affected the subjects’ choice on the colour test (S1 Text). Finally, we ana-
lyzed differences in performance between the spatial and colour tasks.
Statistical analyses
We analyzed our data with linear mixed models (PROCMIXED in SAS 9.3; SAS Institute,
Cary NC) because the dependent variables were continuous, repeated measures, and data were
missing at random due to the loss of some subjects during the experiment (see above). We
used a compound symmetry covariance structure because the model AIC values were lower
than with the default variance components covariance structure (see also [42]). Data were ap-
propriately transformed for analyses (see details below) to produce normally distributed resid-
uals. However, to facilitate interpretation, data in figures are presented as untransformed
means ± SE, except for significant interactions for the spatial and colour DMTS tasks, which
are presented as transformed least squares means ± SE. We analyzed all two-way interactions
as factors in our models. Results were considered significant if p 0.05. Significant effects were
further analyzed using Fisher’s LSD post-hoc tests.
Androgen concentrations. We used a linear mixed model with sex, breeding condition,
and task type (spatial or colour) as fixed factors and subject as a random variable to analyze an-
drogen concentrations. Data were log-transformed for analyses to produce normally-
distributed residuals.
DMTS tasks. We used a linear mixed model for each task type (spatial and colour) with RI
(15 s, 30 s, 45 s, and 60 s), breeding condition (non-breeding and breeding), and sex (female
and male) as fixed factors and subject as a random variable to analyze the proportion of correct
responses, which were arcsine square root transformed for the analyses to produce normally-
distributed residuals [43]. The dependent variable was the peak performance (i.e., the last three
sessions) from the Randomized RI phase (Table 1).
Comparison between spatial and colour tasks. We used a linear mixed model with task
type (spatial and colour) and sex (female and male) as fixed factors and subject as a random
variable to analyze the proportion of correct responses in the testing sessions, which were arc-
sine square root transformed for the analyses to produce normally-distributed residuals. The
dependent variable was the peak performance (i.e., the last three sessions) from the Random-
ized RI phase for the spatial and colour tasks (Table 1).
Transition between the spatial and colour tasks. Birds performed the spatial task before
the colour task first in non-breeding condition and then again in breeding condition (Table 1).
To determine whether birds attempted to use a spatial matching strategy to solve the colour
matching task, we measured the distance between the sample and the correct square for each
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trial during the first three training to criterion sessions on the colour task (RI = 0 s, random
performance: 0.5) and during the first three sessions in the Progressive RI phase (RI = 5 s, ran-
dom performance 0.33) of the colour task in non-breeding condition. Random performance
was 0.5 during the first three training to criterion sessions because only one distracter was pre-
sented during the choice phase. For all birds, this was the first transition from the spatial to the
colour task (Table 1). We used linear mixed models for the first three sessions during the initial
training and Progressive RI phases with distance between the sample and chosen stimuli and
sex as fixed factors and subject as a random variable to analyze the proportion of correct re-
sponses. The proportion of correct responses were log arcsine square root transformed for the
initial training phase and arcsine square root transformed for the Progressive RI phase to pro-
duce normally-distributed residuals.
Results
Raw data are available in S1 File.
Confirmation of breeding condition
There was a significant effect of breeding condition, with the highest circulating levels of an-
drogens in breeding condition (F1,14 = 120.63, p< 0.0001), whereas there was no main effect of
sex (F1,14 = 2.82, p = 0.12), or task type (F1,14 = 1.08, p = 0.32; Fig 1). There was a significant sex
by breeding condition interaction (F1,14 = 22.61, p = 0.0003), with a greater effect of breeding
condition in males (t14 = 11.02, p< 0.0001) than in females (t14 = 4.45, p = 0.0005; Fig 1).
There was also a significant task type by breeding condition interaction (F1,14 = 5.95, p = 0.03),
with a greater change in androgen concentration between breeding conditions for the spatial
task (t13 = 9.59, p< 0.0001) than for the colour task (t13 = 5.98, p< 0.0001; Fig 1). There was
no significant interaction between sex and task type (F1,14< 0.01, p = 0.99).
Testing
Spatial memory. There were no main effects of sex, breeding condition, or RI and no
significant breeding condition by RI interaction on performance (0.19 p 1.00; Fig 2A;
S1 Text, S2 Table). There was, however, a significant sex by breeding condition interaction
(F1,12 = 11.71, p = 0.005; Fig 2B). Breeding males performed better than breeding females
(t12 = 2.42, p = 0.03; Fig 2B). In addition, males performed better in breeding condition than in
non-breeding condition (t12 = 2.70, p = 0.02) whereas females performed nearly significantly
better in non-breeding condition than in breeding condition (t12 = 2.11, p = 0.06; Fig 2B).
There was also a significant sex by RI interaction (F3,42 = 4.06, p = 0.01), with, males perform-
ing better than females at the 15 s RI (t42 = 2.57, p = 0.01; Fig 2C). Males performed more poor-
ly at the 60s RI compared to the 15 s RI (t42 = 3.19, p = 0.003), whereas females’ performance
remained stable (t42 = 1.67, p = 0.10; Fig 2C).
Colour memory. There was a significant main effect of breeding condition (F1,11 = 8.60,
p = 0.01), however, this effect was driven by females as there was a significant sex by breeding
condition interaction (F1,11 = 12.41, p = 0.005), with females performing better in breeding
condition than in non-breeding condition (t11 = 4.40, p = 0.001) and males’ performance
showing no difference between breeding conditions (t11 = 0.44, p = 0.67; Fig 3). There was
also a significant main effect of RI, with performance decreasing as RI increased (F3,39 = 5.52,
p = 0.003; Fig 3A). There was no effect of sex and all other interactions were not significant
(0.14 p 0.96; S1 Text, S3 Table).
Comparison between spatial and colour tasks. Performance differed significantly be-
tween task types (F1,13 = 310.20, p< 0.0001), with cowbirds performing better on the spatial
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task than on the colour task (Fig 4). There was no significant main effect of sex (F1,14 = 1.22,
p = 0.29) and no significant sex by task interaction (F1,13 = 1.10, p = 0.31; Fig 4).
Transition between spatial and colour tasks. During the initial transition from the spatial
to the colour task (i.e., in non-breeding condition), birds were more likely to respond correctly
when the correct colour match was near the spatial location of the sample than when it was fur-
ther away (F1,13 = 43.96, p< 0.0001) (Fig 5A). There was no main effect of sex (F1,13 = 0.60, p =
0.45; Fig 5A), but there was a nearly significant interaction between sex and distance (F1,13 =
4.42, p = 0.06), with distance affecting males (t13 = 6.32, p< 0.0001) more than females (t13 =
3.13, p = 0.008; Fig 5A).
When birds were trained on the Progressive RI colour task in non-breeding condition, fol-
lowing two weeks of training and the birds had reached criterion for the colour task, there was
no longer an effect of distance on performance (F1,13 = 0.28, p = 0.61; Fig 5B). There was no
main effect of sex (F1,13 = 0.90, p = 0.36) and no significant sex by distance interaction (F1,13 =
Fig 1. Plasma androgen concentrations in female andmale cowbirds between breeding conditions and performance of spatial and colour tasks.
Means are presented with ± SE. Asterisks indicate p 0.05.
doi:10.1371/journal.pone.0128302.g001
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0.36, p = 0.56; Fig 5B). Thus, birds initially used a spatial strategy to solve the colour task, but
by the beginning of Progressive RI training on the colour task, they no longer did so.
Fig 2. A) Peak performance on the spatial delayed-matching-to-sample touchscreen task. Performance was calculated from the last three sessions of
the randomized retention intervals phase. Means of raw data are presented with ± SE. Proportion correct expected by chance equals 0.33. Two males were
only tested in non-breeding condition and their performance was weighed more heavily in the raw means than in the linear mixed models, for which least
squares means of significant interactions are presented in B and C. B) Summary by sex and breeding condition of data shown in A), showing least squares
means ± SE of arcsine square root transformed data. Breeding males were significantly better than non-breeding males, but there was no difference between
non-breeding and breeding females. In addition, breeding males performed significantly better than breeding females. C) Summary of data shown in A) by
retention interval (RI), showing least squares means ± SE of arcsine square root transformed data. Males performed significantly better than females at the
15s RI. Males performed significantly worse at the 60s RI than at the 15s RI. Females are in light grey and males are in dark grey. Asterisks indicate p 0.05.
doi:10.1371/journal.pone.0128302.g002
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Discussion
Male cowbirds were more accurate than females on the spatial touchscreen task in two ways:
first, males performed better than females at a short RI (15 s) and second, breeding males per-
formed better than breeding females (Fig 2). On the colour task, females performed better in
breeding than in non-breeding condition, whereas males’ performance remained stable be-
tween breeding and non-breeding conditions (Fig 3). Finally, females and males both per-
formed better on the spatial task than on the colour task (Fig 4).
Fig 3. A) Peak performance on the colour delayed-matching-to-sample touchscreen task. Performance was calculated from the last three sessions of
the randomized retention intervals phase. Means of raw data are presented with ± SE. Proportion correct expected by chance equals 0.33. One female and
one male were only tested in non-breeding condition and these missing points were corrected for in our linear mixed model, for which the only significant
interaction is shown in B. B) Summary of the data shown in A) by sex and breeding condition, showing least squares means ± SE of arcsine transformed
square root data. Females performed significantly better in breeding than in non-breeding condition, with no effect of breeding condition for males. Asterisks
indicate p 0.05.
doi:10.1371/journal.pone.0128302.g003
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Order effects could have potentially influenced differences in performance between tasks
and between breeding conditions, because cowbirds were tested on the spatial task before the
colour task and in non-breeding condition before breeding condition (Table 1). However, we
found order effects were negligible for task order because spatial location did not influence per-
formance during the Progressive RI phase of the colour task, several sessions before colour test-
ing began (Fig 5). This lack of order effects was likely due to extensive practice on the colour
task before testing began (Table 1). In a similar fashion, birds were trained once again to as-
ymptotic performance in breeding condition before the onset of the Progressive RI phase so
that birds began training with increasing RI while at their peak performance at a 0 s RI
(Table 1). We would expect birds of both sexes to perform better in breeding condition on both
tasks if order effects were the main factors influencing differences between breeding conditions.
However, males’ performance remained stable between breeding conditions on the colour task
and females performed nearly significantly better in non-breeding condition than in breeding
condition on the spatial task (Fig 2). We cannot fully disentangle breeding condition versus
non-breeding condition from the passage of time but explanations of the results based on
order effects alone seem unlikely.
Spatial memory
In contrast to the results of the current study, female cowbirds had more accurate spatial mem-
ory than males when navigating through a room to find baited food cups [21]. Although the
task in that prior study and the touchscreen task described here were both DMTS tasks assess-
ing spatial memory, the two tasks differed in spatial scale (180 cm X 180 cm versus 8.5 X 8 cm)
and retention interval (24 h versus 5–60 s). Furthermore, the tasks differed in the response re-
quired of the birds; approaching and feeding from a cup versus pecking a symbol on a screen.
Thus, whether or not a sex difference in spatial memory in cowbirds is observed depends on
the spatial task.
Fig 4. Comparison of performance between the spatial and colour tasks during the testing sessions (see Fig 1). Female and male cowbirds
performed significantly better on the spatial task than on the colour task, indicated by asterisks. Performance of both females and males was significantly
better than chance, indicated by the dashed line. Means are presented with ± SE. Asterisks indicate p 0.05.
doi:10.1371/journal.pone.0128302.g004
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Sex differences in spatial ability can be task-dependent. Males, especially in mammals, per-
form better than females on a variety of spatial tasks and a consistent feature of their enhanced
performance is the use of spatial cues (geometric properties of the environment, distance, and
direction) and feature cues while females prefer to use only feature cues [7, 8, 17, 44, 45]. How-
ever, recent work in birds showed that preference for spatial cues is not restricted to males but
Fig 5. Transition from spatial to colour delayed-matching-to-sample touchscreen tasks. The figure
shows the proportion correct in the colour task when the correct match was near or far from the spatial
location of the sample. A) In the first three sessions on the colour task (retention interval [RI] = 0 s), both
males and females were more likely to make the correct colour choice when the matching stimulus was near
the location the sample had occupied. Random performance was 0.5 (dashed line) because there was only
one distracter presented during the choice phase. B) After two weeks of testing, when the Progressive RI
testing phase began (RI = 5 s), the location of the matching colour stimulus had no effect on performance.
Random performance was 0.33 (dashed line) because there were two distracters presented during the
choice phase. Means are presented with ± SE. Asterisks indicate a significant difference (p 0.05) between
near and far trials.
doi:10.1371/journal.pone.0128302.g005
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depends on the value of a cue to the solution of the task [23, 24]. Female cowbirds may have
had a preference for spatial cues over feature cues on the task in [21], but this preference was
reduced or absent in the current task. Selection may have led to flexibility in cue use in cow-
birds rather than consistently superior spatial ability by one sex or the other [23, 24]. Finally,
females performed equally well, and above chance, across retention intervals while male perfor-
mance declined significantly with retention interval (Fig 2). Females may be relatively unaffect-
ed in general by retention interval. In the wild, females probably remember the locations of
potential host nests for at least 24 h and females outperformed males at the 24 h retention in-
terval tested in [21].
Why did male cowbirds outperform females in breeding condition? From a life-history per-
spective, there could be a trade-off associated with specialization in a particular form of memo-
ry. Enhanced cognitive function has metabolic and life-history costs [46, 47, 48, 49]. Improved
ability in one type of spatial memory may come at the cost of another type of spatial memory.
Female cowbirds did better on an allocentric task in which they moved through their environ-
ment and this ability may help females find and relocate host nests [21]. Enhanced perfor-
mance by female cowbirds in allocentric spatial tasks may come at a cost in the performance of
egocentric tasks such as our spatial touchscreen task in the current study. It is also possible that
there is differential selection on males—for unknown reasons—for the ability to remember the
location of objects in a spatial array in their immediate visual field. Finally, it is possible there is
some functional incompatibility [50]—again for reasons that are not known—between differ-
ent kinds of spatial ability involved in orientation and navigation and remembering the loca-
tion of objects in an array. In humans, men outperform women on several measures of
wayfinding through a wooded area or a large indoor environment [17, 44] but women outper-
form men on stationary object location memory tasks [18, 51]. In cowbirds, observed sex dif-
ferences on these different kinds of spatial memory are reversed relative to humans.
A proximate explanation for superior male performance in breeding condition could be
their sex steroid hormone levels. Although androgen concentrations increased in both sexes be-
tween breeding conditions, males’ concentration increased a great deal more between non-
breeding and breeding conditions (Fig 1). Male deer mice show better acquisition of spatial
maze performance than females in breeding condition only, when their testosterone levels are
highest [12]. In a task similar to ours, exogenous androgens improved performance on a de-
layed-non-matching-to-sample touchscreen task in great tits [35]. In situ hybridization shows
expression of androgen and estrogen receptor genes in the hippocampus of tits and testoster-
one and estrogen could influence spatial memory by binding to these receptors [35]. The song-
bird hippocampus expresses high levels of aromatase, resulting in high levels of local estrogen
synthesis from testosterone and enhanced spatial memory acquisition and performance [34,
36, 52]. Enhanced performance on the DMTS spatial task by male cowbirds could thus have
been caused by elevated testosterone levels.
Colour memory. Why might colour memory improve in breeding condition for females,
but not for males (Fig 3)? One ultimate explanation could be that improved colour memory is
related to mate choice. The plumage of male cowbirds that are nutritionally stressed has a
lower brightness, hue, and saturation than the plumage of males that are fed ad libitum [53].
Females generally prefer to mate with males exhibiting the brightest ornaments [54] and female
colour memory during breeding may contribute to successful mate choice.
Another ultimate explanation may be that females use colour cues to find suitable host nests
to parasitize. Although cowbirds are considered host generalists, they do show host selectivity
[55, 56]. Cowbirds parasitize preferred hosts first, but switch to less preferred hosts when oth-
ers are unavailable [56]. Host eggs and host themselves vary in colour [55] and colour could be
an important cue in nest selection.
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A proximate explanation for better performance by females on the colour task in breeding
condition could be that colour vision differs between the sexes and may vary with breeding
condition. Female cowbirds have poorer chromatic visual resolution than males [57]. Based on
their time of capture, the birds examined by [57] were probably in non-breeding condition.
There may, thus, be differences between male and female cowbirds in colour vision and the na-
ture of this difference may vary with breeding condition
Spatial versus colour memory
Both female and male cowbirds performed better on the spatial task than on the colour task
(Fig 4). We showed that birds did not use a spatial strategy to solve the colour task early in the
Progressive RI phase, several sessions before colour testing (Fig 5). This result suggests that the
effect of order (spatial before colour) was minimized or possibly eliminated with extensive
practice on the colour task, although we cannot completely rule out potential order effects.
Better performance on the spatial task relative to the colour task may simply be the result of
how spatial and colour memory was tested and not a general difference between spatial and
colour memory in cowbirds. The colour task may have been more difficult because of the dif-
ference in perceptual space between the correct match and distractors, or the colour samples
may have been less memorable. Alternatively, species that have strong demands on spatial
memory may perform better on spatial than colour tasks. For example, food-storing black-
capped chickadees (Poecile atricapillus) performed better on a spatial touchscreen task than on
a colour touchscreen task whereas non-food-storing dark-eyed juncos (Junco hyemalis) per-
formed equally well on both tasks [58]. Enhanced performance on the spatial task in chickadees
was proposed to be related to the chickadees’ reliance on memory for the location of stored
food in the wild [58]. Other food-storing species are better than non-food-storers on spatial
DMTS touchscreen tasks similar to ours [59]. Free-living cowbirds, both males and females,
may rely more heavily on spatial information than on colour information in behaviours resem-
bling our DMTS task, such as foraging for seeds or invertebrates on the ground. It is also possi-
ble that sex-specific selection acting on females for enhanced spatial memory has affected
males. Many genes are obviously shared between the sexes and this genetic correlation can
cause a trait favored in one sex to occur in both [60, 61]. A test of this hypothesis, would be to
compare performance of male and female icterids that are not brood parasites on the spatial
and colour DMTS tasks and the orientation task used in [21].
Conclusions
Sex differences in spatial memory in brown-headed cowbirds depend on the task used to assess spa-
tial ability. Females performed better than males in a related study in which birds moved through
their testing environment to return to a remembered spatial location. However, male cowbirds per-
formed better than females on a stationary spatial task in the current experiment. This task-depen-
dent sex difference in spatial memory is the reverse of that observed in humans and could be due to
several factors such as trade-offs between different forms of spatial memory. Colour memory was
found to improve in females from non-breeding condition to breeding condition and may play a
role in host nest selection or mate choice. Finally, males and females alike were better on the spatial
task than on the colour task, suggesting that memory for spatial information may be more accurate
than memory for colour information in both sexes in some contexts in their natural environment.
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S1 Fig. Diagram of spatial and colour delayed-matching-to-sample tasks. Spatial (top) and
colour (bottom) delayed-matching-to-sample (DMTS) tasks. Every trial began with a fixation
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point (first image from left), followed by a sample square (second image from left). The bird
had to remember either the location (spatial DMTS) or the colour (colour DMTS) of the sam-
ple square. After pecking the sample square, it disappeared and a retention interval (RI) of 5,
15, 30, 45 or 60 s with a blank white screen was displayed. After the RI, a second fixation point
(third image from left) was displayed. The bird had to peck the second fixation point to have a
choice of three squares displayed (last image). The correct square was either in the same loca-
tion (spatial DMTS) or the same colour (colour DMTS) as the sample square. A correct choice
resulted in 5 s of food access with a blank white screen and an incorrect choice resulted in 5 s
without food access with a blank black screen.
(TIFF)
S2 Fig. Performance during the Progressive retention interval (RI) phase.Mean
performance ± SEM on the Progressive RI spatial (top) and colour (bottom) delayed-match-
ing-to-sample tasks in non-breeding and breeding conditions. The retention interval was pro-
gressively increased after three sessions at a given retention interval.
(TIFF)
S1 File. Raw data.
(XLSX)
S1 Table. Colours for the colour task.HTML codes for the colours used in the colour de-
layed-matching-to-sample task.
(PDF)
S2 Table. Detailed statistics for the spatial task. Summary of statistical effects of sex, breeding
condition (BC), retention interval (RI) and their interactions during the 15 practice sessions
from the Progressive RI phase and the 3 test sessions from the Random RIs phase for the spatial
delayed-matching-to-sample task. Data were log-arcsine transformed for the Progressive RI
and arcsine transformed for the Randomized RI to produce normally distributed residuals. Sig-
nificant effects are in bold.
(PDF)
S3 Table. Detailed statistics for the colour task. Summary of statistical effects of sex, breeding
condition (BC), retention interval (RI) and their interactions during the 15 practice sessions
from the Progressive RI phase and the 3 test sessions from the Random RIs phase for the colour
delayed-matching-to-sample task. Data were arcsine transformed for the Progressive RI and
Randomized RI to produce normally distributed residuals. Significant effects are in bold.
(PDF)
S1 Text. Detailed methods and results.
(PDF)
Acknowledgments
We thank V. Asrani, M. Coto, J. Lee, J. Ryu, M. Sharpe, and L. Zhang for help with the touchsc-
reen task and the MacDougall-Shackleton lab members for help with blood sampling. Thanks
to M. Rebuli, for animal care andW. Bezner Kerr and S. Bamford for help with electronics. R.
McCarter developed the Experimentor software.
Author Contributions
Conceived and designed the experiments: MFG SMS DFS. Performed the experiments: MFG.
Analyzed the data: MFG. Contributed reagents/materials/analysis tools: MFG SMS DFS.
Male Cowbirds Outperform Females on a Spatial Touchscreen Task
PLOS ONE | DOI:10.1371/journal.pone.0128302 June 17, 2015 15 / 18
Wrote the paper: MFG SM-S DFS. Helped create and design the computer program for the
touchscreen tests: MFG.
References
1. Sherry DF. Neuroecology. Annual Review of Psychology. 2006; 57:167–197. PMID: 16318593
2. Smulders TV, Gould KL, Leaver LA. Using ecology to guide the study of cognitive and neural mecha-
nisms of different aspects of spatial memory in food-hoarding animals. Philosophical Transactions of
the Royal Society of London B. 2010; 365:883–900. doi: 10.1098/rstb.2009.0211 PMID: 20156814
3. Mettke-Hofmannm C. Cognitive ecology: ecological factors, life-styles, and cognition. WIREs Cognitive
Science. 2014; 5:345–360.
4. Balda RP Kamil AC, Bednekoff PA. Predicting cognitive capacities from natural history. Current Orni-
thology. 1997; 13:333–366.
5. Shettleworth SJ, Hampton RR. Adaptive specializations of spatial cognition in food-storing birds? Ap-
proaches to testing a comparative hypothesis. In: Balda RP, Petterberg IM, Kamil AC, editors. Animal
Cognition in Nature. San Diego: Academic Press; 1998. pp. 65–98.
6. Pravosudov VV, Roth TC II. Cognitive ecology of food hoarding: The evolution of spatial memory and
the hippocampus. Annual Review of Ecology, Evolution, and Systematics. 2013; 44:173–193.
7. Gaulin SJC, FitzGerald RW. Sex differences in spatial ability: An evolutionary hypothesis and test.
American Naturalist. 1986; 127:74–88.
8. Gaulin SJC, FitzGerald RW. Sexual selection for spatial-learning ability. Animal Behaviour. 1989;
37:322–331.
9. Gaulin SJC, FitzGerald RW,Wartell MS. Sex differences in spatial ability and activity in two vole spe-
cies (Microtus ochrogaster andM. pennsylvanicus). Journal of Comparative Psychology. 1990;
104:88–93. PMID: 2191835
10. Jacobs LF, Gaulin SJC, Sherry DF, Hoffman GE. Evolution of spatial cognition: sex-specific patterns of
spatial behavior predict hippocampal size. Proceedings of the National Academy of Sciences USA.
1990; 87:6349–6352. PMID: 2201026
11. Sherry DF, Jacobs LF, Gaulin SJC. Spatial memory and adaptive specialization of the hippocampus.
Trends in Neurosciences. 1992; 15:298–303. PMID: 1384199
12. Galea LAM, Kavaliers M, Ossenkopp KP. Sexually dimorphic spatial learning in meadow volesMicro-
tus pennsylvanicus and deer mice Peromyscus maniculatus. Journal of Experimental Biology. 1996;
199:195–200. PMID: 8576690
13. Jašarević E, Williams SA, Roberts RM, Geary DC, Rosenfeld C. Spatial navigation strategies in Pero-
myscus: a comparative study. Animal Behaviour. 2012; 84:1141–1149. PMID: 23355748
14. Bettis TJ, Jacobs LF. Sex differences in memory for landmark arrays in C57BL/J6 mice. Animal Cogni-
tion. 2013; 16:873–882. doi: 10.1007/s10071-013-0619-x PMID: 23526160
15. Williams CL, Barnett AM, MeckWH. Organizational effects of early gonadal secretions on sexual differ-
entiation in spatial memory. Journal of Neuroscience. 1990; 104:84–97.
16. Rodríguez CA, Chamizo VD, Mackintosh NJ. Overshadowing and blocking between landmark learning
and shape learning: the importance of sex differences. Learning and Behaviour. 2011; 39:324–335.
17. Silverman I, Choi J, Mackewn A, Fisher M, Moro J, Olshansky E. Evolved mechanisms underlying way-
finding: further studies on the hunter-gatherer theory of spatial sex differences. Evolution and Human
Behavior. 2000; 21:201–213. PMID: 10828558
18. Voyer D, Postma A, Brake B, Imperato-McGinley J. Gender differences in object location memory: a
meta-analysis. Psychonomic Bulletin & Review. 2007; 14:23–28.
19. Williams CL, MeckWH. The organizational effects of gonadal steroids on sexually dimorphic spatial
ability. Psychoneuroendocrinology. 1991; 16:155–176. PMID: 1961837
20. González-Gómez PL, Madrid-Lopez N, Salazar JE, Suãrez R, Razet-Barry P, Mpodozis J, et al. Cogni-
tive ecology in hummingbirds: The role of sexual dimorphism and its anatomical correlates on memory.
PLOS ONE 2014; 11:e90165. doi: 10.1371/journal.pone.0090165 PMID: 24599049
21. Guigueno MF, Snow DA, MacDougall-Shackleton SA, Sherry DF. Female cowbirds have more accu-
rate spatial memory than males. Biology Letters 2014; 10:20140026. doi: 10.1098/rsbl.2014.0026
PMID: 24573155
22. Astié AA, Kacelnik A, Reboreda JC. Sexual differences in memory in shiny cowbirds. Animal Cognition.
1998; 1:77–82. doi: 10.1007/s100710050011 PMID: 24399271
23. Tello-Ramos MC, Hurly TA, Healy SD. Female hummingbirds do not relocate rewards using colour
cues. Animal Behaviour. 2014; 93:129–133.
Male Cowbirds Outperform Females on a Spatial Touchscreen Task
PLOS ONE | DOI:10.1371/journal.pone.0128302 June 17, 2015 16 / 18
24. Hodgson ZG, Healy SD. Preference for spatial cues in a non-storing songbird species. Animal Cogni-
tion. 2005; 8:211–214. PMID: 15611879
25. Sulikowski D, Burke D. When a place is not a place: Encoding of spatial information is dependent on re-
ward type. Behaviour. 2010; 147:1461–1479.
26. Herborn K, Alexander L, Arnold KE. Colour cues or spatial cues? Context-dependent preferences in
the European greenfinch (Carduelis chloris). Animal Cognition. 2011; 14:269–277. doi: 10.1007/
s10071-010-0360-7 PMID: 21170666
27. Norman RF, Robertson RJ. Nest-searching behavior in the brown-headed cowbird. Auk. 1975;
92:610–611.
28. Rothstein SI, Yokel DA, Fleischer RC. Social dominance, mating and spacing systems, female fecundi-
ty, and vocal dialects in captive and free-ranging brown-headed cowbirds. In Johnston RF, editor. Cur-
rent Ornithology. New York: Plenum; 1987. pp. 127–185.
29. Gates JE, Evans DR. Cowbirds breeding in the central Appalachians: spatial and temporal patterns
and habitat selection. Ecological Applications. 1998; 8:27–40.
30. White DF, Ho L, Freed-Brown G. Counting chicks before they hatch: Female cowbirds can time readi-
ness of a host nest for parasitism. Psychological Science. 2009; 20:1140–1145. doi: 10.1111/j.1467-
9280.2009.02418.x PMID: 19656334
31. Guigueno MF, Sealy SG. Aggression towards egg-removing cowbird elicits clutch abandonment in par-
asitized yellow warblers, Dendroica petechia. Animal Behaviour. 2011; 81:211–218.
32. Sherry DF, Forbes MR, Khurgel M, Ivy GO. Females have a larger hippocampus than males in the
brood-parasitic brown-headed cowbird. Proceeding of the National Academy of Science of the United
States of America. 1993; 90:7839–7843. PMID: 8356091
33. Reboreda JC, Clayton NS, Kacelnik A. Species and sex differences in hippocampus size between par-
asitic and non-parasitic cowbirds. Neuro Report. 1996; 7:505–508.
34. Oberlander JG, Schlinger BA, Clayton NS, Saldanha CJ. Neural aromatization accelerates the acquisi-
tion of spatial memory via an influence on the songbird hippocampus. Hormones and Behavior. 2004;
45:250–258. PMID: 15053941
35. Hodgson ZG, Meddle SL, Christians JK, Sperry TS, Healy SD. Influence of sex steroid hormones on
spatial memory in a songbird. Journal of Comparative Physiology A. 2008; 194:963–969. doi: 10.1007/
s00359-008-0369-4 PMID: 18797876
36. Bailey DJ, Ma C, Soma KK, Saldanha CJ. Inhibition of hippocampal aromatization impairs spatial mem-
ory performance in a male songbird. Endocrinology. 2013; 154:4707–4714. doi: 10.1210/en.2013-
1684 PMID: 24105482
37. Dufour KW, Weatherhead PJ. A test of the condition-bias hypothesis using Brown-headed Cowbirds
trapped during the breeding season. Canadian Journal of Zoology. 1991; 69: 2686–2692.
38. McCarter RA. Experimentor Software. 2012. Available: http://experimentorsoftware.com.
39. Dawson A, King VM, Bentley GE, Ball GF. Photoperiodic control of seasonality in birds. Journal of Bio-
logical Rhythms. 2001; 16:365–380. PMID: 11506381
40. Washburn BE, Millspaugh JJ, Morris DL, Schulz JH, Faaborg J. Using a commercially available en-
zyme immunoassay to quantify testosterone in avian plasma. Condor 2007; 109:181–186.
41. Newman AEM, Chin EH, Schmidt KL, Bond L, Wynne-Edwards KE, Soma KK. Analysis of steroids in
songbird plasma and brain by coupling solid phase extraction to radioimmunoassay. General and Com-
parative Endocrinology. 2008; 155:503–510. PMID: 17949721
42. Jennrich RI, Schluchter MD. Unbalanced repeated-measures models with structured covariance matri-
ces. Biometrics 1986; 42:805–820. PMID: 3814725
43. Sokal RR, Rohlf FJ. Biometry: The Principles and Practice of Statistics in Biological Research, 3rd
edn, 1995. WH Freeman, New York.
44. Jozet-Alves C, Modéran J, Dickel L. Sex differences in spatial cognition in an invertebrate: The cuttle-
fish. Proceedings of the Royal Society B: Biological Sciences. 2008; 275:2049–2054. doi: 10.1098/
rspb.2008.0501 PMID: 18505716
45. Hasenstaub A, Otte S, Callaway E, Sejnowski TJ. Metabolic cost as a unifying principle governing neu-
ronal biophysics. Proceeding of the National Academy of Sciences, USA. 2010; 107:12329–12334.
doi: 10.1073/pnas.0914886107 PMID: 20616090
46. Burns JG, Foucaud J, Mery F. Costs of memory: lessons from 'mini' brains. Proceedings of the Royal
Society B Biological Sciences. 2010; 278:923–929.
47. Cole EF, Morand-Ferron J, Hinks AE, Quinn JL. Current Biology 2012; 22:1808–1812. doi: 10.1016/j.
cub.2012.07.051 PMID: 22940473
Male Cowbirds Outperform Females on a Spatial Touchscreen Task
PLOS ONE | DOI:10.1371/journal.pone.0128302 June 17, 2015 17 / 18
48. Healy SD. Animal cognition: the trade-off to being smart. Current Biology 2012; 22: R840–R841. doi:
10.1016/j.cub.2012.08.032 PMID: 23058803
49. Sherry DF, Schacter DL. The evolution of multiple memory systems. Psychological Review. 1987;
94:439–454.
50. Postma A, Jager G, Kessels RPC, Koppeschaar HPF, van Honk J. Sex differences for selective forms
of spatial memory. Brain and Cognition. 2004; 54:24–34. PMID: 14733897
51. Hampson E (2008) Endocrine contributions to sex differences in visuospatial perception and cognition.
In: Becker JB, Berkley KJ, Geary N, Hampson E, Herman JP, Young E, editors. Sex Differences in the
Brain: FromGenes to Behavior. New York: Oxford University Press; 2008. pp. 311–325.
52. Saldanha CJ, Schlinger BA, Micevych PE, Horvath TL. Presynaptic N-methyl-D-aspartate receptor ex-
pression is increased by estrogen in an aromatase-rich area of the songbird hippocampus. Journal of
Comparative Neurology 2004; 469:522–534. PMID: 14755533
53. McGraw KJ, Mackillop EA, Dale J, Hauber MA. Different colours reveal different information: how nutri-
tional stress affects the expression of melanin- and structurally based ornamental plumage. Journal of
Experimental Biology. 2002; 205:3747–3755. PMID: 12409501
54. Olson VA, Owens IPF. Costly sexual signals: are carotenoids rare, risky or required? Trends in Ecology
and Evolution 1998; 13:510–514. PMID: 21238418
55. Lowther PE. Brown-headed cowbird (Molothrus ater). In: Poole A, editor. The Birds of North America
Online. 1993. Ithaca: Cornell Lab of Ornithology. Retrieved from the Birds of North America Online.
Available: http://bna.birds.cornell.edu.proxy2.lib.uwo.ca/bna/species/047.
56. Woolfenden BE, Gibbs HL, Sealy SG, McMaster DG. Host use and fecundity of individual female
brown-headed cowbirds. Animal Behaviour. 2003; 66:95–106.
57. Fernández-Juricic E, Ojeda A, Deisher M, Burry B, Baumhardt P, Stark A, et al. Do male and female
cowbirds see their world differently? Implications for sex differences in the sensory system of an avian
brood parasite. PLOSOne. 2013; 8:e58985. doi: 10.1371/journal.pone.0058985 PMID: 23544049
58. Brodbeck DR, Shettleworth SJ. Matching location and colour of a compound stimulus: Comparison of a
food-storing and nonstoring bird species. Journal of Experimental Psychology: Animal Behavior Pro-
cesses. 1995; 21:64–77.
59. McGregor A, Healy SD. Spatial accuracy in food-storing and nonstoring birds. Animal Behaviour. 1999;
58:727–734. PMID: 10512645
60. Lande R. Sexual dimorphism, sexual selection, and adaptation in polygenic characters. Evolution
1980; 34:292–305.
61. Wyman MJ, Stinchcombe JR, Rowe L. A multivariate view of the evolution of sexual dimorphism. Jour-
nal of Evolutionary Biology 2013; 26:2070–2080. doi: 10.1111/jeb.12188 PMID: 24028470
Male Cowbirds Outperform Females on a Spatial Touchscreen Task
PLOS ONE | DOI:10.1371/journal.pone.0128302 June 17, 2015 18 / 18
